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THE MOMENTUM SPECTRUM c? rC3MIC RAYS AT 3„4 KILOMETERS 


I. INT .'..TION 


Early In the history of the study of cosmic rays it 
bacaae obvious that the radisticr. iculd be separated Into two 
oopponents differing lr. the d*gr< of their penetration. Thla 
phenowenological distmotion cane about from the following 
experimental considerations It was known that In the weasure- 
faeRt of the intensity of coselc radiation the introduction of 
a few oentlaetera of lead abaorber would decrease the intensity 
■arkedly. After about ten centiwetera of ..tad had been placed 
on top of tne apparatus to filter the reflation it was found 
that the rate of decrease of cosalc ray intensity with furthar 
absorbing materials quits abruptly daoreaaed in aagnltude. 

The renaming radiation was little affaotad by the interposi¬ 
tion of further absorbing water’..ala. Zt thus appaarad that 
there were two distinct exponents, a soft or nonpenetrating 
eosponent which oould be removed by about tan oantlwatara of 
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lead and the hard or -enetrating component which waa little 
affected by fairly large quantities of lead absorber. 

A great deal of ■ ork was done on the soft component in 
the early stages of cosaic ray investigation 1 was discov¬ 
ered the: c the soft component consisted essentially of eleetrona 
er.d low energy games rays in a cascade process. Both experi¬ 
mental and theoretical investigations were undertaken during 
the 1920s and were fairly successful m explaining the gross 
effect. Although even today a quantitative theoretical treat¬ 
ment of the soft component which completely explains the 
cascade process is lacking, the high order of success attained 
in a semi-quantitative way by the theoretical treatment indi¬ 
cates that at least the basic por ion of the problem has been 
solved. It is to be expected thst further refinement in 
experimental technique will require a more precise theory. 

Work on the hard component has proceeded at a much 
slower rate until the last few years. At first the hard com¬ 
ponent w*a considered to consist of very high energy gamma 
rays. Their ability to penetrate large amounts of absorber 
might thus be explained. Some investigators found evidence 
for supporting the view that the gamma rays making up the hard 
component had essentially discrete energy levels and that the 
absorption coefficients for the hard component yielded to a 
natural interpretation baaed on the method of formation of the 
high energy gamma ray. 
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The discovery of the stsozi added a new interest to the 
field of coswlc rays. The work of Nedderaeyer and Anderson (1) 
showed quite conclusively that mesons were extremely penetrat¬ 
ing ar* had sufficient energy to produce the effects attributed 
to the hard component. The fact that mesons underwent a decay 
process with quite short half-life further cowpllcated the 
problew. 

A more detailed study of the hard component yielded 
the fact that no existing meson theory oould account for the 
experimental evidence Investigation of penetrating showers 
and their rate of decrease through the ataoephere gave an even 
larger discrepancy with theory. 

Postwar research haa led o the notion of a nuclear 
oascada proceaa, This is a prooeas In which nucleons travers¬ 
ing the atmosphere undergo collisions in a cascade type of 
reaction. The collision of one nucleon with a nucleus produces 
several more nuoleons and other penetrating particles, such as 
mesons, which go on to form a hard or penetrating cascade In 
•rder to understand this nuclear cascade process a great deal 
ef information regarding the meson intensity and the nuoleon 
intensity as funotions of momentum had to be obtained. The 
number of nuoleons-at sea-level was known to be quite small, 
so that, although several investigators had experimentally 
determined the momentum epeotrun at sea-level, little use 
mU M art* «t thM Urforottlo* »«h »«*r* to »i*lo*r 
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cascade processes. S^me latitude work bad been done, primarily 
by Anderson (2) and by Hall (3). Hall's work, however. 

Involved the determination of an integral range spectrum. 

From by assuming that all of the radiation with which he 

dealt w* s mesonlc, he computed a momentum spectrum for his 
altitude of observation, namely, 14,000 feet. As will be 
considered in the discuss:on, the work of Hall raised more 
questions than it answered. It was thought that, because of 
the necessity of making assumptions concerning the nature of 
the radiation in determining a momentum spectrum, the deter¬ 
mination of this spectrum by Hall might be In error. The 
difficulty with Hall' a work became even more pronounced when 
It was realized that, for such a nectrum to exist, a large 
amount of low energy mesons would have to be produced in a 
region between 14,000 and 15,000 feet. 

All work concerning the rate of meson production done 
at that altitude and higher yielded production ratea far 
smaller than that required by Hall Since the rate of produc- 
*«'f meson* undoubtedly la directly connectsd with tb*- 
nuclson flux, the fact that Hall's spectrum required meson 
production almost necessitated a large nucleon flux, in direct 
contradiction to the assumptions he had made. It was essen¬ 
tial, therefore, that a direct determination of the momentum 
spectrum be made, one that Involved no assumptions concerning 
the pnrtioltn involved. This is the basic objective of the 
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present experiment Obviously, a cloud chamber In a magnetic 
field is the choice of instrumentation. 

The only direct experiment*! measurement of the 
momentum spectrum with altitude which had been d'-ne In suffi¬ 
cient detail to warrant consideration was that of the Cal¬ 
ifornia Institute of Technology group in 19*7 at 30,000 feet 
(2). Due to the great difficulty in flying a magnetic cloud 
chamber, the entire field of data consisted of only 250 meas¬ 
ured tracks- In order to settle the question of meson produc¬ 
tion and the momentum spectrum at high altitude It is necessary 
to carry out a rather lengthy program utilizing a magnetic 
eloud chamber at as high an altitude as possible Since it was 
vital to obtain as large a field f data as possible, aircraft 
observation was not considered practical. With this limitation 
than, it appeared that the best which could be done was to 
make extensive measurements at about 12,000 feet 

The experiment which la the basis for this disserta¬ 
tion, and which waa performed In 19*8, had as its objective 
-h#» d*t«~minatlon of the momentum spectrum and tome .-.usl 
observat 1 ons on the nucleonic component. It was felt that this 
experiment waa perhaps the moat significant experiment which 
eould be performed wljth the existing equipment in order to 
advance our understanding of the hard component of cosmic rays* 
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II. EXPERIMENTAL APPARATUS 

The experimental apparatus used in obtaining the basic 
data t fs1 ’ this investigation can be conveniently divided into 
two par^s, (1) the cluud chamber and auxiliary equipment nec¬ 
essary to make it function, and ( 2 ) the equipment necessary to 
produce and maintain the magnetic field. The equipment asso¬ 
ciated with the cloud chamber must include some means of event 
selection end s control unit for conducting the sequence of 
operations necessary to operate a cloud chamber The magnet 
which produces the field in which the chamber Is located 
requires. In addition to a d-c generator, a cooling and tem¬ 
perature -control aystem to protect the chamber from temperature 
gradients and fluctuations A somewhat wore detailed account 
of the units used to perform these various functions will be 
included in the next few pages. 

A. Cloud Chamber 

The cloud chamber used in this Investlge v ton is v..c -nd 
a half lnohea deep and aeven lnohea in diameter with a useful 
illuminated depth of about one inch In order to keep the 
necessary air gap In the magnet assembly to a minimum, the 
expansion mechanism is not mounted on the back of the chamber 
•a la usually the case, but instead is placed outside the 
magnet structure and connected te the chamber by a ten-inch 
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brass tube two inches ?n diameter Pl«*e I shows the cloud 
chamber, including the connecting tubs, with all the parts 
in their relative assembled positions Just prior xo assembly. 
The pa-ts shown, from left to rlgnt, are as follows: the ten- 
inch bi ss connecting tube and back wall; the braas baffle 
fate; the velvet, which is normally at itched to the brass 
baffle plate: the glass cylinder, which forms the wall of the 
chamber; the brass ring which seats the "0 M ring gaskets and 
also acts as the positive return for the clearing field; the 
glass cover plate; black masking paper to define the diameter 
of the chamber; and the end retaining ring The chamber m 
held together by studs which are v.rewed Into the stud holes 
along the outer portion of the b* k wall and extend through 
the end retaining ring The nuts on the end of the studs then 
pull the retaining ring down and compress the "0" ring seals 
%f the chamber has been assembled w:th the backing plate 
and expansion mechanism (not shown), the chamber la evacuated, 
and the nuts on the ends of the studs may be further tightened 
without danger of cracking the glass 

The expansion mechanism utilises a neoprene diaphragm 
which acts as a movable separator between the chamber gas and 
the backing air. The chamber is expanded by exhausting the 
backing air pressure to the atmosphere through a "pop valve," 
the amount of expansion being dettrnlned by the position of 
aa adjustable backing plate which defines the total notion of 
the dlaphra^i and, hence, the total increase in the volume of 


PLATE I. THE CLOUD CHAMBER BEFORE ASSEMBLY 


the chamber . The "pop valve" 13 ^aseru • %,ly a plunger which 
has a plate about an inch In diameter on lta end, Thfls'pl^e 
closes a hole In the bras* plate which coniines the backing 
air pressure The "pop valve" plate is held in position 
against the force of the backing Hi- by a solenoid which acts 
on the plunger When the holding current is released the 
plunger Is accelerated by the pressure differential across 
the plate, and the valve opens Since It is essential to have 
the valve operate quickly, the total mass of the moving ele¬ 
ments has been kept as low as possible. 

The chamber Is filled with a mixture of argon gas and 
the saturated vapor of a 60-40 n-iropyl alcohol-water mix* wre 
to a total pressure of 1.8 atmosr eres A backing air pressure 
six pounds greater than the filling pressure la used. The 
electronically operated "pop valve" is found to open within 
about two milliseconds after triggering, and from the track 
width (0.5 millimeters) and the minimum delay time after 
expansion before tracks can be photographed (0,02 seconds), 
the expansion time can be computed The ^Mmate made on the 
basis of the above data is a total time for expansion of 0.01 
seconds. It has been found that, if the chamber is photo- 
graphtd about 0.05 seconds after expansion, the droplet size 
is sufficient for easy msasurtment of track curvature, but 
that not sufficient tine has elapsed for turbulence in the gas 
flow to produos spurious curvature. 
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The introduct. <*>n of t ine two-inch r onnect mg tube 
between the chamber end the expansion mechanism In this chamber 
produces * structure resembling a Helmholtz oscillator. The 
sudden elease of the backing *lr prea&u* - *, and the resulting 
movement of the neoprene diaphragm which increases the volume 
>'f the expansion side of the chamber, shock excites the reso¬ 
nate*-, and the pressure of the gas In the chamber proper then 
series with time in accordance with ft damped oscillation, Ab 
originally set up, the oscillatory motion was not critically 
damped, and the small overexpansior of a portion of the gas 
resulted in the formation of a dense white fog, which com¬ 
pletely filled the chamber after i few expansions, making :t 
unusable. If the condensation ce tera formed by the over- 
expansion had disappeared before the next expansion, no dif¬ 
ficulty would have been encountered, but this was not the case. 
Vc adequate explanation of this phenomenon has been given. 

In order to Increase the damping, and thus eliminate 
toe large overshoot, the connecting tube was loosely packed 
with copper wool. The amount of wool did net seem to be par¬ 
ticularly critical, but in the experiment only enough was used 
to eliminate the overexpansions; had too much beon used, the 
expansion time would, have increased, giving broad tracks which 
are difficult to measure. There is almost no background fog in 
the photographs of the hamber, and the chamber is sufficiently 
stable to need adjustment no more often than once dally. 






Plates II, II’, and TV are enlargements of cloud 
chamber pictures from the thirty-five-millimeter film The 
plates show a track of minimum n nizstlcn, a proton, and a 

shower 

Illumination and Phonography 

The chamber 3s photographed through a conical hole in 
i.he magnet core The camera used for this experiment was 
especially constructed for the ta*k and utilizes an ektar 
f-k.5 lens with a fifty-mlliimeter fo'-al length The rewind 
system Is electrically operated, and the magazine has a 
capacity of 100 feet of thlrty-f:ve millimeter film. The 
framing arrangement permits 450 r ctures to be taken on a 
100-foot atrip of fii.m Several types of film have been 
tried The best results so far have been obtained with East¬ 
man Llnograph Ortho film. This film is exceptionally fast m 
the blue region and Is not prohibitively grainy Illumination 
is provided by four Sylvania type F-4340 photo-flash tubes 
operating at 2500 volts and having an energy dissipation of 
100 watt-seconds each per flash.. The energy Is stored in a 
bank of thirty-two-microfarad condenser*. Each flash tube Is 
backed with an aluminum foil reflector and has a cylindrical 
collimating lens in front of it, This can be seen in Plate V, 
which shows ths magnet face with the cloud ohamber, geiger 
tubes, and flash tubss in position. The chamber is masked so 
that the illuminated depth is restricted to one inoh. 



I LATE II. A MESON TRACK 




PLATE III. A PROTON TRACK 





I’LATE IV. A SHOWER 



KAGIJET FACE SH0WI3G TILE CLOUD 






In many cloud chamber ar-angem.-ots, stereoscopic 
viewing is essential In experiments of this type, howeve-, 
stereoscopic viewing la ret 3'" important H^re *ne depends 
upon t'-e statistical analysis of a large number of tracks, and 
not upo*> the results o r one or two unusual events. Stereo¬ 
scopic viewing would be of help only In determining the angle 
tne particle makes in traversing the chamber The left-right 
angle is, of course, known, but rV *e front-back angle is net 
The maximum angle which a “rack may have ?3 limited by the 
geiger counters These are twelve inches apart and have a 
width of three-fourths inch Thus, the maximum error in a 
momentum measurement due to this effect "3 of the order of 
6 percent. The average error l? onalderably leas 

C. Magnets and Cooling System 

The magnet used In this experiment was originally 
intended for use In aircraft operation, This necessitated a 
coropromiae between economical operation and weight Plate VT 
la a view of the magnet co r e and coil assembly p^lor to assem¬ 
bly in the housing The magnet coils are wound of 0 23 x 0 80 
inch copper buss and are contained in a steel housing, which 
also serves as the external portion of the magnetic circuit 
The magnet weighs two thousand pounds, the weight being about 
equally divided between copper and steel To achieve a field 
of 8200 gauss s current of 800 amperes, giving 1.7 * 10 ampere 
turns. Is rsqulrsd. The power dissipation is then 32 ta». 
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The cooling s'stcm uti.’zes fore*'} feed of transformer 
oil The oil-flow path has been restricted by a system of 
bai'fLes so that there an : • iow pan* all sur r 'a'e3 o* 

ocppei The transformer oil is then cooled in an oil-water 
heat ex.hanger An oil r low •-•f nhout s*xty gallons per minute 
*..« used. With this metnod of '-oollng, current densities of 
7000 amperes per square inch of coppe~ can be used ccntmu- 

To obtain a field o f ' %L0C gaus3, a current density of 
4000 amperes per square inch of copper Is necessary 

For stable operation of <rhe cloud chamber It Is neces¬ 
sary to maintain It ai a constant temperature to about 0.1 
degree centigrade. In order to a rieve this regulation fob¬ 
long periods of time, the tempera ure control to 0,01 degree 
centigrade is required Temperature control Is achieved by 
maintaining the magnet assembly, with which the cloud chamber 
's In Intimate thermal contact, at a constant temperature 
With the present equipment ti;e inlet oil temperature Is meas¬ 
ured by noting the change in the resistance of a copper coll 
placed In the oil stream The cha^g® «r **e roil resistance 
upsets the balance In an a-c bridge which, when amplified by a 
Brown-type amplifier, drives a spilt-phase motor controlling a 
by-pass valve on the heat exchanger The valve then either 
opens or close* In such a manner as bring the bridge back 
into balance,. This system provides temperature control of * he 
inlet oil to 0.01 degree centigrade The magnet temperature ts 
indicated by a second Brown-type recording potentiometer suit¬ 
ably altered to measure the changes in resistance of a second 
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coll Plate VII gives the circuit for the temperature-ccntr^ 

system. 

0. Uniformity of the Marnetic Field 

The magnetic fl-M at the c-nter cf the gap was meas¬ 
ured as a function of the energizing current by the use •( a 
flip coil of known dimensions and a ballistic galvanometer. 

The fcvlvanometer was callb^at-ed b> reversing a known current 
through a standard mutual Inductance. It was found that the 
magnet began to saturate at rath'j low field values due to th- 
small amount of ferromagnetic material used In the magne*!- 
path. At about 8000 gauss satu* '-ion is nearly complete, and 
the slope of field versus ener^, ring current la such that 
current stability to 3 percent, will yield field stability o: 
about 1 percent 

In exploring the fieic off center, a bismuth spiral 
was used. The spiral was calibrated in the center field cf th 
magnet where the field had previously been measured in a basic 
manner. The field was investigated for considerable dis*ance* 
both axially and along a horizontal and vertical diameter, 
field was found to be uni term to better than 1 percent over th 
entire illuminated volume if the chamber. 

8. The D-C Magnet Supply 

For the operatio - at Climax, Colorado, a motor-gener¬ 
ator set was used to supply the current necessary to energize 
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the magnet. The generator has a capacity of 100 kilowatts and 
la separately excited, compound wound machine , The generator 
control circuit Is given In Plate VIII The generator showed 
considerable fluctuations due to the large day-to-night tem¬ 
perature changes and had to he adjusted several times dally. 

T hc magnet current was recorded continuously, and only short 
time variations of as much as 1 percent occurred during the 
experiment. 

P. Event Selection 

The event selection system used in this experimen* * * 
considerably more complex then n* 3 ‘-ssary, but the initial 
design was deliberately made quit flexible so that the uni* 
could be used for many other experiments It uses a threefold 
coincidence circuit of the Rossi type with a resolving time of 
! .6 microseconds. Pour anticoincidence inputs were provided 
so that it would be possible to count the cosmic ray background 
rate in the geiger tubes of the anticoincidence t~ays during a 
run. It has been found that up to four <o“ige^ tubes may be 
connected to one anticoincidence input and still allow for 
checking the operation of the geiger tubes by counting the 
cosmic ray background rate for a reasonable length of time. 

XI more than four tubes are connected to a particular input, 

3t la difficult to tell if one of the geiger tubes Is courting 
too high or too low, since the effect is masked by the normal 
counting rate of the remaining tubes 





Plate IX show* the schema* ic 4; agram of the event 
selector. The upper left-hand corner shows the anticoincidence 
pre-amplifier. Pour Identical units are us^d J'^.e upper 
middle section shows the coincidence pre-ampllfi 'x and the 
Rossi t.vpe coincidence tube Thr< lden*:cal units are used 
A:*er amplification the antic *nc5denee pulses are received by 
the anticoincidence mixer and pulse shaper. After being prop¬ 
er :y shaped they are then fed f o -he anticoincidence blanking 
pulse generator, which generates > five-microsecond blanking 
pulse. Unlike a umvibrator, this generator can be ^triggered 
during a cycle, and hence there Is no electronic dead time <> o r 
pulse rejection. The coincidence pulse which was derived *n 
the Rossi type coincidence clrcu* is then fed to the coinci¬ 
dence delay unlvlbratoi- This was done In order to insure 
positive blanking of the coincidence pulse In the anticoinci¬ 
dence mixer. The coincidence pulse is delayed here by two 
microseconds. Thus, In an event in which both the coincidence 
geiger tubes and the anticoincidence gelger tubes are actuated, 
the coincidence Is recorded, and at the same time the blanking 
generator starts. The coincidence pulse is then presented to 
the mixer after a delay of two microseconds and lasts only 1.6 
microseconds. Insuring that the five microsecond blanking 
pulse has an overlap at both the first and last of the coinci¬ 
dence pulse, The actual "C-A’’ mixer is of the Pcasl type The 
pulse output cathode followers -re shown at the bottom center 
of the schematic diagram. Switching details and power supply 
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connections are shown at the far right. 

0. Cloud Chamber Control Unit 

The cloud chamber control unit, shown In Plate X must 
provide for the following functions: 

1. Expand the chamber 

P Turn off the clearing field 

3. Actuate the flash lamps 

4. Rewind the camera 

5. Record the expansion 

6. Sterilize the unit so that no further expansion -"ay 
take place until the cloud namber has recovered 

7. Provide for manually pulsl g the chamber and provide 
for Interlocks 

The cloud chamber control circuit la of rather standard 
design. In order to properly sequence the cloud chamber, sev¬ 
eral timing delays are derived from timing unlvlbrators The 
Input trigger thyratron, shown in the upper left-hand corner 
of the schematic diagram, delivers a positive pulse from Its 
cathode which triggers all further operations of the cloud 
chamber control circuit. The first four tubes in the middle 
row of the schematic diagram are timing unlvlbrators. Their 
time of operation Is computable directly from the time con¬ 
stants Involved. Thus, in the first stage, tube number four, 
a time constant of 0.5 microfarads times two megohms, or one 
second, produces a timing pulse of one second duration. The 













diagram • t gi » •• ' i < tv. j .. T’n •, • • i-v-r '• 
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Two •■'♦'her po’^iorri of *'• ir-oitt *rr> of Interest , 
alrv.e they contain seme iro--, rv - • ’ cr 

rewind system, ^ube el»ven. appears on *■ v 'f '■'ro¬ 
of the schematic diagram : \ . ji 4 - is es.-:er»* : *1 iy a .a 

acale circul- . navi nr two .nr. clth.-'r complexion : ■ 

stable in - in-- i'hur.. * * •. .apfr.-i motor is •'!**■•! gi red and 
remains t-oerr/ * : wc jra over on- i' *■&. , 1h■: 

•orrylex*. ty is necessary beraus* if ‘re far- thi* * k > . m-- a 
sector Is about ten times as slow when placed ir ’he irt-ge 
field of the magnet, its normii position, as + y -I.'* i t.; 
r :n lr. *sssntlaliy field-fspa;- 

The phot.o-Hash time’- shown :n the ’owe» -igbt of tn* 
schematic diagram is also oi" Time :‘-rm or* 

hundredth of a second to t-hi’*y-two hun i-ed-hs *' a : *. o.1 •; a 
be achieved by '-he ur- of five i -'.*ccc l * aw it. -hen ' rw - s* --- 
arranged m binary f- • •-n mri i h** jona-a' «■ 1*1.;y* ' - ' - * ’ •* 
are additive Thus, if a -v-lay of eleven runl-^dt>.o*' 


second la required 
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:n ar, operating position The delays .. * one hundred*.- of * 
second, two hundredths of a second, and eight hurd’-*: d**-a r f - 
^cond are then add'tive It is intc-reat*ng to ^t.. * -.** toe- 
eapac:*-■ of the timing condensers in ml*-»-o f a’-ads : ■ ‘ co.*' *'• 
the tltn- delay In seconds 

An auxiliary high voltage supply js provided f o- *>e 
:po*ation of the photo-flash lamps Since this supply :$ 
equlred to furnish 2500 volts from a bank of capacitors of 
128 microfarads, it is an extremely dangerous unit, and 
special precautions are necessary to safeguard peracnrH . 
Interlocks and special connectors have been provided 

H, The Program U*.t 

Although only one '•loud chamber and magnet we’-e used 
in this Investigation, there are actually “wc identical magne 
and chambers mounted In a common frame The electron:-- cir¬ 
cuits were designed so that both units could be operated 
Mmultaneously, either on separate experiments cr on one 
single experiment utilizing the two un’^r together. This 
feature made necessary a program unit which could be used 
to Interconnect the two units, If it seemed desirable. 

In addition, there are three central facilities neces 
sary for the operation of, and recording of data from, an 
even! selector. In tN» interest of economy of space and 
materials, the program unit was designed to supply these 
facilities to both event selectors. The program unit schema*: 


diagram is given in I -’►* K~ r >-. t'ac .' ‘ T ;es supplied to the 
event selectors 3r».-: geigei ^oun*«,r vni^agp, «* counting cir¬ 
cuit for cbuin! v 'K ! i ■ • ..vi • ovr. '•Ay counting rate of 
the go - *r t t-:; ub- ; d. >«d r.tr^r • c ?.i re gisters o- recording 
the nunr>! •• . c i *.* l d-.- • 1 ter»<; f '-minus-anticoinci¬ 
dence puisec »h. um*-s f only the gelger counter 

voltage suorl, is *' v.t'Mr l*>nt interest to warrant a detailed 
discussion 

The gelger- '•nurr-."- vol-age supply is of the radio- 
frequency type and uses a specially constructed coll. This 
coll has a secondary ■ ; niiug wh'.c’' consists of six separate 
"pies." This asirv < * the relatively high 

radio-fiequen y v. :• ■- a ross this coil Also, 

the fllaTrnt v.-l* f • • l --- high, volt age ’•ectifler comes from 
this co. 1 maximum g-igv voltage obtainable has been 

limited so that the gelg>:r tubes will no*, be damaged, should 
the supply accidentally be turned too high Without such 
limiting, a maximum voltage of 1600 volts can be obtained. 

The limiting voltage i3 l*?h volts ?*•-> meter used for deter¬ 
mining the voltage has a differential scale in addition to a 
0-2^00 volt scale This scale goes from one thousand volts to 
fifteen hundred volts ini permits the geige” tube voltage to 
be set within five vo' • <* Such a scheme is Invaluable when 


measuring the plates; • *ne geiger rubes.. In order to protect 
personnel, the gelger supply has a maximum current output of 
less than ton mill 'amperes. wnich la - *'sc to" of two less than 




"let go" current, and a fac*cr o*' rh;c«.- less than lethal 
current. This 1$ possible because the gelger tubes require 
very little current 

The binary scales used in the program u'. t are of 
special design Thel' c?r^ult ! «• given in Plate XII As can 
be seen, these are packaged b-nary scale systems, and they are 
constructed on an octal socket base These scales are extremely 
stable, and thus far have given no trouble So far is is 
known, these scales are the only binary scales which can be 
constructed without the necessity of a tailoring process 

X. The Geiger Counters 

The gelger tubes used m his investigation are of 
ordinary glass-envelope construction with a cathode cf copper 
tube and an anode of five-mil tungsten They were constructed 
by this laboratory for U3e in these experiments The cathode 
is six Inches long and has a diameter of three-fourths of sn 
Inch. This gives sn effective area of thirty square centi¬ 
meters. The tubes are filled with a mixture of 90 percent 
srgon and 10 percent petroleum ether by volume to s pressure 
sufficient to bring the onset of counting at about 1180 volts, 
and a plateau center of about 1300 volts. No measurements of 
tube life have been made, but it has been found that the tubes 

Q 

need refilling after shout 1CT counts.. The plateau is about 
300 volts long with a slope cf less than 5 percent. 
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171. THE EXPERIMENT 

A. Location and Iran n><vt ation 

'♦'Ms investigation was carried out in th* fail of 1948, 
♦■he expedition leaving Seattle August 3. To transport the 
apparatus » large radar truck and trailer was obtained from 
the Navy, and the main equipment was mounted on it. The aux^ 
illary equipment, inriuding a large squad tent for storage of 
equipment, and equipment for camping were transported on a 
1-1 /2-ten Dodge truck Fewer generating equipment wa3 trans¬ 
ported on a 2-1/2-ton «?MC . A ga8 trailer and tanker to be 
used for transporting and scoring gasoline and d:es°l oil for 
the generator was also taker, ale g with two other vehicles, a 
1/2-ton Dodge pickup and a Jeep for use m transporting small 
supplies and personnel. This transp rtatlon equipment can be 
seen in Plate XIII 

Al'aough considerable preliminary investigation with 
the cooperation of the United States Forest Service had limited 
the number of possible locations, the final decision as to the 
location was not made unti \ a thorough investigation by the 
■embers of the expedition could be made of such places as 
Independence Pass (el-vatlon 12,280 feet) It was finally 
decided to locate on Fremont Pass. Climax, Colorado, at an 
elevation of 11,380 feet Although not as high as Independence 
Pass, the Climax Molybdenum Company, located on the pass, 
offered to supply the necessary powe^ and water in ample 




PLATE XIII. THE EXPEDITION BEFORE LEAVING SEATTLE 


quantities and. In ad itlon, prcvided living accommodations at 
the hotel used by the bachelor miners. They also offered the 
use of the machine shopa, should extensive repairs be necessary, 

4bout a week was required to set up the - quipment and 
provide space in the ten* for routine clucks and repairs on 
the instrumentation The Climax Molybdenum Company was 
extreuely helpful In getting the electrical and plumbing work 
done quickly 30 that we could ge'. into operation without 
delay. Power was supplied fr~u a 440-volt three-phase trans¬ 
former bank, and the water supply was obtained from the main 
■ill water line. Since the water supply had a large pos'Mve 
head, it was unnecessary to use p mps to circulate the water 
through the heat exchanger Plat XIV is a view of the 
location, and Plate XV is a view of the radar truck showing 
the magnets and other equipment, 

B. Experimental Procedure 

The ultimate aim of the expedition was to measure the 
■omentum spectrum of the cosmic radiation at altitude under 
various thicknesses of absorber. The experimental arrangement 
used la shown In Plate XVI Oelger counters were placed above 
and below the chamber, defining a cone of about one-thlrtleth 
•teradian solid angle and having an area of thirty square 
centimeters. The gelge- counters were arranged so that none 
of the nagnet was Included in this solid angle The coinci¬ 
dence counters are shewn at position "A." Anticoincidence 
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counters are shown v position "B" and were used through about 
half of the experiment in ->rde- to eliminate shower events 
The various thicknesses .• > ' i^sorter we.-r placed arove the 

upper v*iger count---, me ♦:ve-centimeter block. oelng directly 
above Ue upper colncilr*r»: coun f c, and an additional fifteen 
centimeters being l<v -\--rJ shov^ the entire assembly 

The coincidence counting rates with field on and field 
off are giver In Tab'* I fo*- the three experimental arrange¬ 
ments used. 


TABU:. I 

Coincidence Counting Hates * r- founts/second 


Field No absorbs b lead 20 cm lead 
off o 0 030 0 023 

on 0 034 0 028 0 023 


The ratio of ?:1 of the no-absorber rate to the 20-cm-iead 
rate (with the field off) la Just -he raMo of the total to 
the hard component at this altitude given by Fossl The 
agreement must be m part fortuitous, since the two -counter 
telescope used was hardly adequate for a reliable rate deter¬ 
mination, WLth no absorber above the telescope the field 
shows a strong effect in ’-educing the counting rote from 0,04* 
to 0,034 counts per second Thi3 reduction corresponds to the 
large numbers of low energy electrons whose momenta lie below 



the magnetic cutoff o* the equipment used As explained later, 
this cutoff comes at a momentum of fifty Mev/c In the r 
of twenty centimeters of lead above the -r»»-.ber, the magnetic 
field • ’ s no measurable effect. Indicating r h.at ■ be radiation 
passing »h r c:jgn the 20-cn lead bl<xk does not contain many low 
momenta particles t«is ’3 in accord wl*h the established 
notion that passage through an absorber tends tc '’harden'' the 
radiation Actually what *-.app« ns Is that, tr.e electrons are 
removed by ca-:ade showers and the resulting mesons are quite 
penetrating, hence, although the meson energy has decreased 
slightly, the absence of the electrons gives a net effect c r 
making the radiation more penetrating, 

C. Data Taking 

Aft*r the equipment was thoroughly checked, seven rolls 
of 1 '; lm (450 frames per roll^ were taken with no absorber above 
the chamber, and with the magnetic field at 10,000 gauss 
After examination of the photographs, it was seen that the 
chamber had considerable turbulence along its periphery. The 
field was reduced tc 8200 gauss, and turbulence effects were 
found to be negligible The remaining thirty-two rolls of 
film were taken at this reduced field strength.. Fourteen rolls 
were taken with no absorber above the chamber, eleven with five 
centimeters of lead above the chamber , and only sever, with 
twenty centimeters of lead above the chamber. Throughout the 
experiment the magnetic field was occasionally changed In 
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lirection so that any asymmetry in the radiation brought about, 
by the field could be checked. Data also were taken with and 
without the antlcoir.cllef.ee circuit t<* check Its effect. 

No real Ilfflcultles were encountered ex* ep r for a 
two-day lust storm and the inevitable snow near the end of the 
etay at Climax. The final thirty-two rolls of 'llm were 
exposed In the thirty-two days from October 5> to November 


IV MBAo.REMEN" '--V r?ACi» I'JH VXTWJ 


Several methods o'" u' ’ 'ig tvaox curv-tur*.-^ nave 
been u=»‘*-* *y va'’i'.us in^esrlgar.or3 A method employed by 
Anderso> i /'■ using a ’raveling mjcr«scope In which the coordi¬ 
nates at various points along * n - arc are measured and used to 
compute the curvature i *i quite time consuming, and not partic¬ 
ularly adapted to ’he measurement cf a large number of tracks, 
such as one obtains in the measurement of the momentum spec¬ 
trum An optical method, due cnglnaUy to Blackett ??) f 
although capable of yielding quite precise measurements of 
track curvatures, Is not. useful **'t ' curvatureo of small r adii, 
and, hence, is unusable fo»' V.-e 1 wer momenta obtained in tr*. o 
investigate,!. In the :n’-er?3t of simplicity, but at the 
expense oi de.reaaed r-u oiut 1-n at the high momentum end of 
the spectrum, a comparison method was chosen for measuring the 
track curvatures in this experiment. 

In order to compare the cloud chamber track wi’h a 


standard arc, a machinist’s £/ench compare 1 -*' was altered so 
that the 3^-mm photograph /^ould be projected on the ground 
glass screen, Plate is a picture of the comparator as 

altered for this use/ A fil® carriage was provided for the 

/' 

comparator aa we;,' as a meafla for moving the film holder so 
that the promoted trcck could be rotated to a horizontal 
position yin the screen The entire optical system was such 
that yl \!e projected im^ge was the slz>» of the cloud chamber. 




PUTS XVII. THE COMPARATOR 



Twenty-four stanf.am ar:3 wr'-e used in tr:s analysis, 
ranging from 0 3 ^ 10 meters radius The ralial increraen* 
between successive arcs was not constant, but increased in an 


exponential fashion except at the smallest rsln of curvature. 
Since the curvature of a track can be either very r lose tc one 
of the standard arcs, or can lie in between any two of them, 
there are forty-nine possibilities for a particular measure¬ 
ment. The curvature and its sign were recorded for all tracks 
meeting selection crv-.*r\a describ'd elsewhere. 

In order to make the measurements independent of the 
optical enlargement, comparison arcs w a re prepared from the 
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standard curves through th** sequence of operations followed 
in obtaining the projected tlroage of a cloud-chamber track 
Thus, the standai 4 arc3 verse first photographed unaer condi¬ 
tions • availing when photongraphing the chamber. The resulting 
35-nun negative was ther< pro.Jected in the comparator, exposing 
a photographic plate placed in the position normally occupied 
by the ground glass screen. Since the sequence of optics! 
operations had been the sam»« for the comparison curves and the 
eloud chamber photographs, no further information regarding 
the optical system was nece asary for a track located in the 
center of the chamber and *v_aving a positive curvature. 

Each step in the pr ocess outlined above waa thoroughly 
checked so that systematic error could be avoided. Several 
of the standard arcs scribe d on the Aquadag-coated plate glass 
were examined by means of £1- traveling microscope to insure 
that the Evans linkage syst-em was operating properly. Mso, 
the optical system was examined to be sure that a straight 
line remained a straight 11 ne and that there would be no dif¬ 
ference In the measured val_ue of a trecV * f it were turned over 
so that it had a negative cssurvature rather than a positive one. 

In order to check t=che consistency of the measurements 
a group of several hundred tracks were measured by several 
different observers. The ^individual results were then plotted 
against each other *s "bscussa and ordinate. Por perfect con¬ 
sistency all points should have been on a line of slope one 
passing through the origin.- In the actual plot s symmetric 
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distribution about this line was obtained, which indicated a 
consistency of better than 10 percent for curvatures less 
than about th»ee and a half meters, becoming progressively 
worse •*’ higher values, until at ten meters the error was of 
the order of three meterr 

The radius of curvature of a particle is related to 
its momentum by: 


p - 300 P r, 

where p Is the momentum in electron volts divided by the 
velocity of light, B is the magnetic induction in gauss, and 
r is the radius of curvature in centimeters The field 
strength used in this Investigate n was 8200 gauss, and hence 
a curvature of one meter may be taken as corresponding to a 
momentum of 250 Mev/c. 
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V SELECTION OF TRACKS FOR CURVATURE MEASUREMENT 

In order to eliminate *->\e soft component from the 
moment’ll, spectrum as nearly as possible, only those tracks 
which oceur-ed singly m the chamber were used. Tracks which 
were accompanied by obviously post-expansion or pre-expansion 
tracks, however, were not excluded A few singly occurring 
tracks were not at su;.u an angle as to definitely indicate 
counter control. Such tracks were not Included. The fact 
that very few such tracks occurred indicates that the majority 
of tracks were counter controlled and, because of the geometry 
of the system, could not have originated in the chamber wall 
or surrounding material. 

About 60 percent •>! *13 pictures taken showed singly 
occurring t^a.-. ns. Because of the large number of tracks 
available, only the longest (fifteen centimeters out of a 

possible seventeen centimeters) were chosen for measurement. 
About 70 percent of all singly occurring tracks were this long 
or longer. Thus onlv tracks long enough "or. good curvature 
measurement, we refused, and those passing close to the chamber 
and subject to large turbulence distortion were avoided. 

The subgroup of particles thus selected should not be 
different from the total body of data, and tracks measured 
forn a diatrlbution representative of the non-electron.1 c radi¬ 
ation. In most air showers not more than one electron would 
be expected to be incident on the small cross-section of the 
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chamber (thirty-five t.quare centlmeteriO However, the chamber 
wall and the upper gelger counter constitute only a small 
fraction of a radiation length ''the distance m wh;«- »< a very 
fast e’ ft, tron loses a fraction (1 e of its g.v by 
radlati .. and an ele- • • ’ not. m general initiate an 

electron shower In passing through them Thus, with no 
absorber above the chamber, large numbers of singly occurring 
low energy electrons will be included. On the other hand, 
with five centimeters of lead above the chamber, electrons of 
energy sufficient to penetrate t.'.e absorber have a high prob¬ 
ability of initiating a cascade showei and will be recognised 
by the multiplicity of particles cursing in the c ham be’* 

This Is clearly shown t*. no the c se f~om the resulting data 
One further precau ion was taken. It sometimes hap¬ 
pened that at tne end of usability of a particular chamber 
filling the chamber would go out of adjustment slightly 
between observations, giving rise to tracks which were not 
sufficiently dense to measure easily. In this case either the 
whole roll of data was rejected, or, if the number of tracks 
thus affected was not large, a complete block of exposures 
including all tnose of doubtful quality was eliminated. In no 
ease were single frames discarded. 


so 


VI. THE MAGNETIC C V-W 

The twofold <* •-1 n >:? ience ’.rlggrlng arrangement with 
count*. *'• above and below tne chamber has the* c i r \ • of dis- 
crlmlna ing against low particles Bel^w the minimum 

momentum a particle wil* be s; severely curved that no matter 
what the position of entrance, or the angle made with the 
vertical, the particle will not be able to enter the lower 
geiger counter . In orde’’ to estimate the effect of the mag¬ 
netic cutoff and obtain the magnitude of the effect for par¬ 
ticles having momenta higher than the minimum momentum 
required, this effect was c ompu* A graphical method o' 

computation was used whlcn took 1 o account the length 
criterion of track selector as well as the counter geometry 
used. In the • ornputaaot it was assumed tnat the magnetic 
field extended to the counters In full strength. Actually, in 
the two Inches between the counters and the chamber the field 
decreases quite rapidly. It wa3 further assumed that the 

x 2 

distribution in zenith angle obeys a .'s<ne' law, A decrease 

2 

of intensity with zenith angle leas than (cosine) would 
result in a smaller effect for the magnetic cutoff above the 
minimum momentum, while a more rapid decrease in intensity with 
zenith angle would give a larger effect. The latter cane, 
however, has a small probability for the relatively low momenta 
considered in the computation. 
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The results o' the computation show a complete cutoff 
at 50 Mev/c. The transmission rises rapidly, so that at ?00 
Mev/o the decrease In intensity is only It percent, and at 150 
Mev/c *-’\e attenuation is negligible. The momentum spectrum 
found w:tn no absorber above the chamber, In which many low 
energy electrons are present, shows the effect of the magnetic 
c.utol f at the predicted momentum and constitutes experimental 
verification of the analysis. Within the statistical uncer¬ 
tainties Involved in determining momentum spectra, the 
observed intensity above 100 Mev/c Is considered to be 
unaffected by the magnetic cutoff. 


VI'. ■i’jWMftr/ZArTON 0* 'ATA 

In the study of coji:<• •* / ph---r*.wri«» the absolute 

intens*' •-s of • > >. varo.^i.. components o! the /ad.-‘ion play a 
role •>: p*-inie i®pui t an. o I>- v>so. ui c Intensity of a partic¬ 
ular component Is usu:.I .y g5' - >- as the flux of particles of 

that component ;n particles per second passing through a 
au’/ia'e of one square veiJilmetw: per ate rad tan for an Infin¬ 
itesimal solid angle The data of an experiment are usually 
converted to absolute units by computing a normalizing factor 
for the experimental arrangement and then multiplying the 
counting rates by tills norma’. Izst factor to arrive at 
intensit ies In obsclu^t unl‘ s 

The dimensions of the rate-determining elements U3ed 
in this e xpo • . T-.- n t are au follows: 

Area of golger counters 30 sq cm 

MeAn distance between counters 30 cm 
Thus tne area is tnlrty sauare centimeters, and ‘he solid 

angle Included Is one-thin ieth stv ad fan "V.e -•normalization 

2-1 

factor for the equipment 13 then about one (steradian cm ) 
Since the estimation of the effective area of a geiger counter 
is subject to errors involving the end effect and also the 
mean path length of a particle through the counter whlc * con¬ 
tributes to its efficlen- v, a direct measurement of the 
affective area Of a small counter 19 difficult. Thus a second 
normalization method yis explored Since the coincidence 


telescope used lr thlinves ig’tion hai only two elements, 
the counting ’’ates obtained with it cannot be compared directly 
with published do’a ot “no Ka^d component intercity it. this 
aititu’-. This xs tru*r because a twofold coincidence train Is 
not at '‘I effective for rejecting showers, especially at 
high altitudes. 

Prom an analysis of the yield it has been established 
that f>7 percent of the pictures taken with twenty centimeters 
of lead absorber above the chamber were of singly occurring 
particles Thus, 57 percent of the counting rate of the coin¬ 
cidence telescope under twenty centimeters of lead corresponds 

to the counting rate of tne nsrd cmponent when filtered 
2 

through 232 gm/cm of lead. By c finltlcn, the hard component 
is that . adlatior. which has passed tnrough 16'7 gm/cm’' of lead- 
in orde»* * o compare tne counting ra.e obtained under twenty 
r nntlme'era of lead with the established intensity of The hard 

component, it Is necessary ,0 consider the correction imposed 
by the additional absorber used In this experiment. The 
additional sixty-five gm/cm 2 of lead 1= t equivalent of 
about forty-two gm/cm" of air The altitude of Climax, Colo¬ 
rado, is 3-4 kilometers, and the atmospheric depth is 680 

gm/cm 2 . The additional five centimeters of lead used, then, 

o 

should be equivalent to forty-two gm/cm' cf air, giving an 
atmospheric depth equivalent to 720 gm/cm r , The counting rate 

St this atmospheric depth for the hard component la given by 
o - i -2 

Rossi as 1.22 x 10* count 3 per second steradian cm . The 
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results oi' this experiment, when corrected for a fifty-seven 
percent yield show a counting rate of 1.3 x 10 counts per 
second. The normalization fac r or tnus obtained is -94 ster* 1 
cm’ 1 " "ne normalization obtained when using the data for 
five centimeters of lead gives very nearly the same result, 
hut because of the larger correction necessary to convert the 
-'igure to an equivalent absorber of 167 gtn/cm^ is not consid¬ 
ered to be as accurate as r or the twenty-centimeter data. 

Since statistical uncertainties in the couputatlon are of the 
order of 5 percent, the normalization factor may be considered 
to be unity- This vaiue has been used in computing the 
spectra of this investigation 



5S 


VIU WfSVLTS 


A. A Method of T-a v " i *' a* ;< i. nvc - i ;u 1 ng 

’.'he expenm*. a: a: ; •? lure , measurement c* '.racks, and 

the cri'^rla for track m*: -c 1i or: h?v»- been given Of the 
total nnt.'ijf of xrcsures. only about 4500 were of sufficiently 
good a dlity for measurement Three thousand of these satis¬ 
fied 11 of t.ne requirements cited earlier, these being equally 
dlvl ed between the n^-absorber case and the case of a flve- 
ce* meter lead absorber. The measured values c r the tracks 
fo' a particular case were grouped according to the sign c r 
tne charge of the particle producing the track. This was not 
simply the sign of the curvature a viewed in the comparator 
since the magnetic ?:>. ;d «»aa reversed several times during the 
course of the ; ana cn possible asymmetries caused by 

the field. The sign ol' the part icie5, as deduced by the 
direction of the magnetic field, was checked by an Inspection 
of the signs cf the particles producing an ionization density 
well :»>.ve minimum and having a momentum ■'oromenBurate with 
that of a proton with such an ionization density. Such tracks, 
as will be seen later, can be attributed entirely to protons, 
and hence have on-ly a positive sign 

In plotting the data for a differential momentum spec¬ 
trum the Intensity is r'.ven in terms of particles per unit of 
■omentum, or. If normalized to absolute units, the Intensity 
la given in terms of the flux of particles per unit area, per 
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unit tine per unit 30 id angle pfy uni* of momentum,. Mechan¬ 
ically the computation is made by dividing the number of 
particles In some momentum ln'e^va] by the magnitude of the 
interv* -1 expressed in teeing 0 ’' the unit of momen urn chosen, 
and the: muVip. ylng by sn appropriate normalizing factor which 
tekes into acccu * s e counting rate of the event studied, the 
number of pictures ex&mlned and the dimensions of the event- 
seler ing pa-t cl the apparatus The data of this investiga¬ 
tion uere obtained in terms of rallua of curvature instead of 
■or. itum, and hence the following equation gives the intensity: 



woere r is the radius increment i 1 meters. N the number of 
particles in the interval, and P -ie normalizing factor In 

all cases the normalizing factor has beer computed to give 
-l -1 -2 -1 

the intensity in particles sec ster cm (Bev/c) 

Many methods of plotting the data have been tried, the 
■cat successful one being a simple, non-overlapping plot. The 
statistical uncertainty at each point is kept small by choosing 
a rather large Interval containing in *he order of 100 par¬ 
ticles. In order to keep the statistics fairly uniform in 
terms of their percentage variation, no attempt has be»n made 
to take equal Intervals of ■omentum The uncertainties shown 
In the plotted points of the spectra are the statl3tical 
uncertainties and do r--> reflect the other sources of error, 
•ueh as the uncertainty in mcmentu® measurement 
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As Indicated -arller, there ?r>. * ^ota; of forty-nine 

intervals into which a particular measurement may fall, net 
counting the sign A curva^vo was ’-ecc’ led as b*mg equal to 
the curvature of a standard ar , if, when compared with the 
set of standard arcs, it was Judged ru :•* closer to that arc 
than the dean between that arc and the next The tabulation 
of results then consists of counting the number of particles 
of a 2 iven sign Judged to have curvatures falling in each of 
the forty-nine categories. Si"ce the parr idea grouped in a 
division corresponding to a standard arc (hence not Judged as 
lving between two standard arcs) are about evenly distributed 
about the value of the standard '<■ , it is assumed that r, 5 ':f 
lie above the value and half belc This concept Is import -\r*. 
only at the value of ten meters, and in tabulations concerning 
particles of momentum great than ? b Bev/c {ten meters 
radius of curvatire) half of those particles included in the 
ten-meter group of the actual tabulation will be considered 
to be greater than ten meters. The tabulation of the actual 
data is given in Table 71 for both the no absorber case and 
the flvs-cantlma ter-lead-absorber case. 

B. Tha Momentum Distribution 

With no absorber over the chamber, a total of 15*1 
tracks were measured, 1064 having a momentum of 25 Bev/c or 
laaa. Including all tracks whose sign could be determined, 
thara ara 767 poaltive particles and 5*3 negative particles. 
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However, large number- of electrons h&vv teen Included In this 
case, and the ratio of positive to negative particles oas 
little significance because of the dil>i t -:.''n by Vc electronic 
compoiv -t A plot of t l ° tola 1 field of data, including parti¬ 
cles of both signs, is g 4 ven In Plate XIX. The data for the 

no-absorber spec r«jo» are giver m Table III. The n.crmaliza- 

-1 -2 

tlon f* rtor computed for this case is 0.163 ater cm 

With five centtmerers °f lead above the chamber a total 

of 1 ' 24 tracks were measured, of which 943 tracks correspond to 
par teles having a momentum of 2 5 Bev/c or less The positive 
excess for this case is 1 5 t 0.1 for particles lying in the 
momentum Interval fifty Mev/c to 3 bev/c The positive 
excess for all particles, lncludi g those with momenta greater 
than 2.5 Bev/c, Is the same within statistics. Since the dis¬ 
tribution of positives and negatives is of interest, the two 
were plotted together on the same graph and are given In Plate 
XX. A plot of both positives and negatives is given in Plate 
XIX where It can be compared with the corresponding plot of 
the no-absorber case. The data for the f!ve-cemimeter-lead 
case are given In Table IV for the positive and negative par¬ 
ticles, and for the combination in Table 111. The normallza- 

-1 -2 

tion factor for this case is 0.142 ster cm 

The case Involving twenty centimeters of lead above 
the chamber contained r*riy a third as ouch data as the other 
two cases, and, furthermore, the axpoaurea were made on Eastman 
Linograph Panchromatic film, which proved to oe too grainy for 
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good ^omentum raeasui#»■ en* s Tht plot cf t r.ene (lata is rot too 
meaningful statistically, but, so far as can be told. 
distribution does not differ appreciably from that obtained 
in the *'lve-centimeter '.rs* 1 

C Heavily Ionizing rartlcier 

In measuring the curvature of the tracks, a number of 
track corresponding r o particles with an ionization density 
well above minimum were noticed. T n an effort to determine 
ttar spectrum and identity of ’he particle^ producing these 
t T ' f ’K 3 , all data were utilized, including the seven rolls 
taken with a field cf 10,0OC gam-a and those rolls considered 
to be too light for easy measure^ nt of tracks of minimum 
ionization. The total number of singly occurring tracks in 
this field of data was also determined so that the relative 
number of particles with an ionization well above minimum 
could be established, For the statistical analysis of the 
number of heavily ionizing particles present In a particular 
ease, no length criterion was established while for the 
momentum spectrum of the particles a minimum length of twelve 
centimeters in the chamber was used. 

Of 5040 single,, tracks examined for the no-absorber 
case, ninety-nine, or 2 0 percent, were heavily Ionizing. 
Similarly, for 2940 single tracks under five centimeters of 
lead fifty, or 1.5 percent, were found to be heavily ionizing, 
while under twenty centimeters of lead the corresponding 


figure a are lhbO and welve, which la 0* per C en* 0" the 16? 
heavily ionizing tracks for the three cases, all h-t tb-e* 
oh-jK a direction of curvature c•'rrespending to * positive 
particle moving downward. 

The datj fo** t; - ‘eavily ionizing particles twelve 
oentlmete v -s long or longer of both the no-absorber <- -,se and 
the fi\ i -centimeter-lead-absorber case are given In Table V, 
Since .wo field strengths were used, the curvature had to be 
conv-. cted to momentum before summing the particles, and thus 
the -ata are given in terms of the number of particles found 
ir. -i particular momentum interval. Plate XXI Is a plot 
these data The distribution had >en drawn to zero for the 
lowest momentum fourd for any hea’ tiy ionizing particle. 

Within statistics the momentum distributions for those heavily 
ionizing particles found under no absorber and five centimeters 
of ;ead do not differ, and thus the twc are plotted together to 
improve the statistics and to show the low momentum cutoff, 
which, as will be shown later, does not depend upon the nature 
of the absorber above the chamber. In ord— to show the Ioni¬ 
zation density of the protons in the range of momentum consid¬ 
ered In Plate XXI, the ratio 1/I B has been plotted as a second 
abscissa. This is the ratio of the ionization density of a 
proton aa compared with minimum ionization 
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MOMENTUM SPECTRUM 
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TABLE li 

TABULATED DATA FOR POSITIVE AND NEGATIVE PARTICLES 
OF THE NO-ABSCRBER CASE AND THE 5 CM LEAD CASE 

Radius of Curv. 


In Meters 

No Absorber Case 

5 on L' 

id Case 


Positive 

Negative 

Positive 

Negative 

-316 

U 

5 

3 

2 

-316 

R 

11 

1 

0 


0 

4 

1 

2 

.400 

13 

7 

2 

0 


7 

10 

2 

3 

.515 

7 

7 

1 

2 


1 

3 

0 

1 

583 

7 

11 

1 

1 


2 

1 

3 

0 

.661 

9 

13 

’ 4 

1 


3 

2 

0 

1 

.751 

16 

10 

2 



4 

1 

3 

I 

.852 

12 

7 

2 

4 


1 

1 

4 

2 

.966 

6 

3 

5 

6 


4 


1 

5 

1.09 

9 


7 

4 


4 

1 

2 

5 

1.23 

9 

12 

5 

5 


7 

2 

7 

4 

1 ~39 

13 

11 

13 

2 


7 

6 

2 

3 

1.56 

8 

6 

10 

9 


7 

4 

9 

5 

1.74 

16 

15 

18 

5 


7 

3 

5 

2 

1.94 

16 

13 

16 

19 


8 

9 

3 

2 

2,16 

12 

20 

14 

6 


15 

2 

2 

3 

2.42 

19 

11 

13 

9 


9 

11 

13 

6 

2.73 

20 

6 

19 

11 


16 

8 

5 

5 

3.08 

15 

11 

24 

12 


13 

11 

11 

3 

3.51 

22 

12 

27 

17 


17 

10 

21 

Q 

4.06 


7 

33 

16 


15 

9 

22 

10 
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TABLE II 'c 

ontmued! 

) 


Radius of Curv 

in Metera 

No Absorber 

Case 

5 cm 
Pos 4 * 1v 

Lead Ca«< 


Positive " Vo 

get 4 ve 

e " Kegat' 

4. .81 

27 

P-2 

28 

26 


19 

17 

24 

19 

5.8s 

i 

14 

4] 

20 


o 

IP 

32 

23 

7 ; *I 

j ■> 

I o 

48 

26 


24 

15 

28 

11 

10.00 

98 

49 

79 

70 

10 00 

98 

85 

90 

88 


TAbLfc' in 

THE DISTRIBUTION IN MOMENTUM FOR PARTICLES OF BOTH 
SIGNS FOR THE NO ABSORBER CASE AND THE 5 CM LEAD CASE 

Momentum in Mev/c 5 cm Lead Case No Absorber Case 


40 

2 7 


12.6 

2-5 

l6C 

11 4 

l " 

457 

3-3 

315 

19 1 

2 ; 

30 2 

2.9 

465 

24 . *5 

2 6 

32.3 

3 0 

655 

IV 6 

1. 7 

26.0 

2.2 

890 

18.9 

1.7 

18.3 

1.8 

1240 

14.8 

1.0 

13.8 

1.1 

1980 

9 3 

0.6 

8.2 

0 5 


TABLE IV 


THE DISTRIBUTION IN MOMENTUM POR 
POSITIVE AND NEGATIVE PARTICLES FOR IrfE 5 CM LEAD CASE 


Positive 

Momentum in Mev/c Particles 


Negative 

Particles 


40 

- - 

1.6 

_ 

0.9 

— 

160 


6.1 

1.2 

5-2 

1.0 

315 


10.6 

1.5 

OrS 

1.4 

465 


14 9 

1.8 

H 

1 .5 

655 


11.0 

1 3 

6.6 

1.0 

890 


12.7 

1.3 

6.2 

09 

1240 


8.9 

0.8 

5.9 

0.6 

l 980 


5 8 

0.4 

3.6 

0.4 
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TABLE V 

HEAVILY IONIZING TRACKS UNDER 
NO ABSORBER AND 5 CM OF LEAL ABSORBER 

Momentum Range In Bev/c Number of Particles 


0.00-0.25 

0 

0.24-0.30 

7 

0 - 30-0 35 

12 

033-0.50 

J»9 

0 . 50 - 0.05 

39 

0 . 65 - 0.88 

27 

1.00 

10 
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IX DISCUSSION 

A. Momentum Distribution 

The momentum distributions obtained in this rase a''e 
interes-lng in that tnev are Intermediate in altitude and, when 
compared «l^h other similar measurements, permit a reasonably 
clear interpretation of the variations in the mesonlc and pro¬ 
tonic components of cosmic rays Momentum distributions from 
magr-ic cloud chamber measurements at sea level and at 30,000 
fee- have been given by Wilson (Reference c Plate XXII) and by 
Adems, Anderson, et al (Reference ? Plate XXIII). In the rase 
of Wilson's sea-level measurements, sufficient absorber was 
placed above the chamber to Insur cascade multiplication cf 
electrons, which could then be eliminated by discarding events 
in whicn mere ♦han one particle appeared The distribution 
obtained by him may be considered to consist essentially of 
the mesonlc component, since It Is known that only few protons 
are present at sea level. The result obtained for the flve- 
centimeter lead case in this investigation is very similar to 
that found by Wilson. It can be seen that the peak of the 
rather broad maximum of the distribution occurs at about the 
same point (500 Mev/c for this work and 750 Mev/c for Wilson's) 
and that the rate of decrease at higher momenta is comparable. 
It would thus appear that the momentum spectrum has not been 
altered much in the increase in elevation between these two 
observations, even though the present work does contain a 
fairly large number of protons- 
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Since the data of this investigation do not extend to 
high momenta aa In the work of Wilson (6), Jones (7), or 
Blackett (8), It is Impossible r.o deduce tne form of the 
decrea eo of Intensity with momentum beyond the maximum as Is 
done by these investigators for the sea-level spectrum. It is 
possible, however, to get some Idea of what such a spectrum 
might :e from a knowledge of the total number of particles 
extw’- *ing from 2.? Bev/c to infinity. The results of this 
inve tlgatlon show that the fraction of particles represented 
by ie Integrated Intensity beyond 2 5 Bev/c Is 36 percent, 
whereas Wilson finds hO percent. There Is no difference 
within statistics, and It is ther not too improbable that the 
form of the spectrum is very nea* '.y the same, even at much 
higher values of momenta 

The momentum spectrum obtained by Adams, Anderson, et 
al at 30,000 feet la much different from that obtained here. 

The very large number of particles found by these Investigators 
In the low momentum end of the spectrum Is undoubtedly due to 
the presence of large numbers of elect’*' - '"?, since no absorber 
other than the chamber wall and the upper gelger tube was 
present. The experimental conditions are almost exactly those 
prevailing In the no-absorber experiment of this Investigation, 
and their momentum distribution should be compared with Plate 
XIX of this work. In wMch large numbers of electrons at low 
■omenta are also found. 
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The mam difference between the two spectra then occurs 
at about 500 Mev/c (magnetic rigidity of about 1.7 x 10^ gauss 
centimeters). At this point, *ithough both investigations show 
a peak, the one obtained at 30,000 feet is much sharper and Is 
confined to t.ne positive particles. In the 3.4-kilometer 
data, however, t ie peak occurs in both the positive and the 
regati'e spectra At 3 . 4 kilometers this peak Is interpreted 
as be ng due to mesons, but such an Interpretation cannot be 
valid for the 30,000-foot data Since the peak occurs only In 
the oositives, and since the cutoff at the low end Is quite 
ab* upt and is at a value of momentum Just necessary for a pro¬ 
ton to pass through the cloud chamber and trip the lower g^iger 
counter, the natural interpretatl n is that the peak represe’na 
large numbers of fairly low momentum protons which, without 
the Instrumental cutoff, migr.t well have extended to even lower 
momenta The cloud chamber used in the investigation at 30,000 
feet had a rather large brass casting at the bottom and thus 
presented a large amount of absorber. The protons with Just 
sufficient momentum m the chamber to penetrate to the lower 
gelger counter do not have an Ionization density sufficiently 
above minimum to Identify them by this means. 

The positive excess computed from the 30,000-foot data, 
though not statistically meaningful, appears to be considerably 
in excess of that found at the lower altitudes. If the inter¬ 
pretation of the peak found at t>00 Mev/c as being due to pro¬ 
tons is correct, then a large part of the increase in positive 
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excess noted at SO,00'.'. feet can be at tribute-! to the protons 
It Is conceivable that it la all due to the photonic component. 

The only momentum spectrum cor:3iJtlng of a sufficiently 
large ^vty of data, and hence having sufficient detail to be 
comparer! with the present wo^k, and done at a nearly equivalent 
altitude is that obtained by Hall (3) , Plate XXIV. it 19 dif¬ 
ficult however, to compare Hall’s counter-telescope result 
dlrec ly with the magnetic cloud chamber results Hall’s work 
was -undue ted at 14,000 feet and consisted of determining f he 
int-gral range spectrum by use of lead absorbers and geiger 
counters. Thia Integral range spectrum can then be transformed 
to a differential momentum spec.tr ;m by assuming tnat all par¬ 
ticles represented have the same -ass Hall assumed that all 
of the particles contributing to the measurement were mesons, 
the elect'<.rs having been eliminated In a direct manner at the 
larger ranges, and a correction factor computed for the lower 
ranges. As can be seen from Plate XXIV, the spectrum obtained 
by Hall has a large number of low momenta particles and shows 
a rather sharp maximum at 200 Mev/c. Since the position of 
this peak is of importance, a rather detailed discussion of 
possible errors is given below. 

In the measurement, of an integral range spectrum for 
the non-electronlc component, the greatest difficulties are 
encountered for small ringe, where electrons cannot be elim¬ 
inated easily. Hall employed a special experimental arrange¬ 
ment in order to obtain the small range portion of the curve 
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more accurately, but oven so, large corrections had to be made 
to eliminate tne effects of showers and electrons It Is thus 
quite possible that conside’abl*- numbers of electrons were 
included in the small range portion of the integral range 
spectrum, and it Is In Just this region that the differences 
between the spectra become pronounced. 

Further, Hall had to assume that all of the particles 
conta ned in his integral range spectrum were mesons. This 
was known not to be valid, but the number of protons was 
thought to be so small as not to affect materially the trans¬ 
formation. If there are comparatively large numbers of 
protons present, and they are transformed from range to 
momentum on the basis of the ran*- -momentum relationship for 
mesons, the intensity which they contribute is displaced to 
lower momenta, and thus they give a larger contribution to a 
smaller momentum band than they actually occupy On the basis 
of the proton intensity and its probable composition computed 
in this work, there does not appear to be a sufficient number 
of protons to account completely for the differences observed 
in the spectra. It may well be, however, that considerably 
more protons are present at the higher elevation. This seems 
plausible when considering the vast 'ncrease found by Adams, 
Anderson, et si st 30,000 feet. 

The momentum spectrum obtained by Hall is extremely 
unstable where its variation with altitude is considered. 

This suggests that a large amount of local production is 
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contributing to the m- son peak observe! If this were so. It 
does not seem reasonable that the production should drop 
abruptly to unnoticeable proportions in the Interval from 
14,000 feet to 11,000 feet This hypothesis is made almost 
untenable by the later work of Carr, S' - he in, and Barbour (13) 
in which, from observations at 18,000 feet, they estimate the 
production necessary to yield a spectrum comparable with 
Hal^ , They find tnat the production must be equivalent to 
fourteen percent of the mesonlc radiation able to penetrate 
ter •ertlmeters of lead at their observation point. Such a 
hi tr production rate is not found by them at 18,000 feet, and 
since the spectrum at 11,000 feet does not shew the large 
quantities of low energy mesons served by Hall, It must be 
concluded that If the answer to the anomaly resides in local 
low momenta meson production, it is limited to an extremely 
narrow layer of the atmosphere 

Of all of the possible reasons for finding a large 
number of low momentum particles In the computed transforma¬ 
tion, the moat appealing is that a sufficient number of 
protons with a range-momentum relationship vastly different 
from that of mesons, especially at Just the low momenta con¬ 
sidered, are present, and hence the entire difficulty lies in 
not knowing Just how many protons are contributing. The 
discrepancy can be aln’cgt accounted for by a protonic component 
having sn intensity of about 25 percent of the mesonlc radia¬ 
tion. Further evidence gathered by this group in a later 
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experiment supports tie idea that proto"* are present In this 
abundance. 

A comparison of the spectrum obtained at 3 ^ kilometers 
under r*o absorber and under five centimeters of is of 

irteres because of the possibility for investigating the num¬ 
ber of electrons which are included in such an investigation 
when e'ectron removal is not assured by a cascade process. As 
can d.- seen from Plate XIX, which Includes both spectra, 
elections are included up to about one Bev/c. There is no 
pai'.cular reason why electrons of higher momenta should not 
also be observed In the plot if they were present in the 
radiation, and hence it can be as turned that the electronic 
component has a quite small inter lty when compared with the 
•esonlc component for momenta above about one Bev/c. 

B. Positive Excess 

Much interest has centered on the question of the 
excess of positive particles over negative in cosmic radiation. 
It is of primary importance, since such an excess in the 
•esonlc component offers another experimental check point on 
■eson production theory. Many observers have measured the 
positive excess at sea level. Jones (7) and Hughes (9) using 
a cloud chamber method found 1.18 t 0,08 and 1.29 ± 0.05 
respectively. Using a magnetic lens Brode (10) found a v alue 
of 1.32 t 0.02. Conversi (11,12) has obtained values near 
these using both s magnetic lens and a delayed coincidence 
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scheme. The rather w‘ie spread of dafa considering the 
errors quoted, is probably a reflection of the geomagnetic 
latitude as well as the dlMe.-cmt me*rod 3 of measurements. 

At higher altitudes, very little data is available, 
and, In general, the nlgh-n titude data, due to 'he difficul¬ 
ties of treasurer*.*ni , suffer from rather large statistical 
uncert lnties Anderson has found a large Increase In the 
posit ve excess wid. increasing altitude, the most sigiuf- 
icar. indication coming from the work at 30,000 feet The 
pre•ent work confirms the incr »se in positive excess with 
Increasing altitude 

Plate XX shows the momen*- im spectrum r or both pc>.'rive 
and negative particles as found ? 3** 1 kilometers under flv* 

centimeters of lead At can be seen, there is no definite 
trend of variation of pos^ ive excess with momentum The 
oosltive excess of 1 5* t 0.1 Is computed for those particles 
having a momentum lying between fifty Mev/c and 25 Bev/c 
As explained previously, almost all electrons have been 
removed from this spectrum. 

It is difficult to understand why the ratio of positive 
to negative mesons should vary with altitude. It is thought 
that the mu mesons have no appreciable nuclear Interactions, 
and hence the spectrum at one altitude should be computable 
from that of another a’M-tude with no asymmetry between posi¬ 
tive and negative particles. In particular, the transformation 
from 3.4 kilometers to sea level Involves a momentum loss of 
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about 600 Mev/c for particles of high momenta and a decay loss 
which varies with momentum, becoming inappreciable at moment;; 
of the order 1.5 Bev/c and Higher' The entire uppe-" portion 
of the momentuci spectrum of Plate XJC should then t.t able to be 
transformed to sea level 1/ simply shifting the abscissa by 
about 60<" Mev/c. However, it Is known that the positive 
excess In a region from one to two Bev/c at sea level Is about 
1.3, >nd one must tnus conclude tnat: 

there is production of large numbers of negative 
mesons in the interval 

(b) the positive# are'preferentially removed, or 

(c) particles other than mesons arc Involved. 

The first hypothesis is t tenable because of the lech 
of appreciable production found at higher altitudes, and, of 
course, it would be hard to understand why there should sud¬ 
denly be an excess of negatives over positives in the produc¬ 
tion, when at higher altitudes the reverse was true. 

Although there Is an asymmetry in the decay time of 
the meson between positive and negative masons, this occurs 
when the meson is essentially at rest, and, of course, is the 
other way around, with the negative meson showing the smaller 
affective half life. 

The last hypothesis appears to be the most probable. 

It is known that ther» some protons present at the higher 
alavatlon, and only a few at sea level. The removal of pro¬ 
tons from the spectrum can be understood on the basis of their 
nuclear interaction. For the shower -producing radiation (at 
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least a part of which is protor.:-'i Coconnl (14) finds a mean 

p 

interaction path length of about 120 gm/cm The layer of -■; r 
absorber traversed by a part v; le r rotn »:<> elevation at Climax 
to sea evel is equal to abou* three such Interaction lengths. 
If each interaction remove* the proton, or leaves it with 
insufficient rar.^e to traverse the absorber (as would be the 
case v .th protons of momenta approximately two Bev/c), then 
the p oton intensity should be reduced by about a factor of 
ten On the other hand, the hard component ia found to 
de< case by only a factor of two 

If for the moment it be considered tnat the mesonir 
component at sea leve has a positive excess of 1.3, and ’-"Is 
is constant with Inc casing altl* ide, then at 3.4 lcilom^te: 3 
there would have to be an intensity of protons equal to 8 per¬ 
cent of the total hard component intensify in order to account 
for a positive excess of 1 S Since in this lrvestlgation it 
was found that the recognizable protons constituted abou*- 2 
percent of the total radiation, it is not at all impossible 
that another 6 percent are present, but cannot be identified 
because of a higher momentum, and hence an ionization density 
nearer minimum. In fact. It is not at all unreasonable to 
suspect that a small portion of the sea-level positive excess 
can be attributed to protons. 
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C. Protons 

Plate XXI gives the distribution In momentum o r heavily 
Ionizing particles, combining ‘hose otae *v t d under no absorber 
and uni*!* five centimeters o‘.' >ad. Only those -ra'-ks dis¬ 
tinctly more dense mar the average r- ur > of tracks were included 
l'-' this r'.ot, Although the selection was of necessity quite 
arbitrr -y, it wap. found that for particles having a momentum 
1 * ian S00 Mev/c, several different observers agreed almost 
aoso utely on those tracks to be included. As can be seen 
frc Plate XXI, this value of momentum corresponds with an 
l r zatlon density of about three times minimum. Although the 
group of heavily ionizing tracks was selected on the basis of 
track density alone, it was found that all but three had a 
direction of curvature < orresponding to a positive particle 
moving downward, thus giving added credence to the interpre¬ 
tation of these tracks as protons 

The remarkably sharp cutoff at low momenta is an 
instrumental effect. Since the events were selected by means 
of counters placed above and below the chamber, a particle had 
to go through the lower wall of the chamber and enter the lower 
gelger counter in order to be observed. The mass of absorber 

represented by the apparatus was computed and found to be 

o 

equal to 1.2 gm/c.m of aluminum. From this the proton cutoff 
was found to be abou* Mev/c. Mo heavily ionizing particles 
were found with momenta less than 250 Mev/c, again verifying 
the assumption that the particles being considered are protona. 
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It can also be cone la-id that, 1 !' part.c'i^a or an Intermediate 
mass of the order of 500 to 1000 electron masses are present. 
they must represent an exf-m. .v small fraction <'f tne inten¬ 
sity of radiation at t.nis avl’ude. 

In orde»’ to temper., the c->nt rlbutlon of protons to the 
total Intensity, 1* can De assumed that tn*' region 330 to 500 
Mev/c. s unaffected by either low momentum cutoff or by failure 
to re ognlze the protons because ol’ a low ionization density. 
The intensity of protons thus found in the Interval 350 to 500 
Mev <• for the no-absorber case Is 10 percent of the intensity 
of ♦he non-electronic component found In this same moment urn 
Interval under five centimeters c ' lead. If no production and 
no losses other than Ionization 1 s&es are assumed for the 
protons penetrating five centimeters of lead, a computation 
Involving the range-momeruurn relationship for protons In ’ead 
shows that some 20 percent of the radiation in a momentum band 
centered at 600 Mev/c consists of protons. The assumption of 
no losses other th3n Ionization losses Is, of course, not 
valid, but It la probable that there Is also some production, 
and the exact contribution of protons at t he higher nr.<'.enta la 
thus subject to large error when computed In this way. 

Prom even the meager data available on protons obtained 
in this Investigation, the assumption that the relative 
Increase of positive particles over negative particles with 
increase in altitude is seen to be Justified. If the contri¬ 
bution of the protonic component to the radiation does not 


^2 


fall too rapidly at the higher momenta, it can be seen that 
even a portion of the "normal" positive excess found at sea 
level aay be due to protons. 
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X. SUMMARY 

(1) The momentum spectrum of the ri<'r:- electronic ionizing 
component of cosmic radiation c~ momenta between iOQ Mev/c 
and 2.5 Bev/c f^r both the positive and negative particles, 
filtered through five centimeters of lead, has been obtained. 
It Is ^ound to be quite similar to the tea-level spectrum m 
this omentum interval. Although little Information can be 
obtained from this work concerning hlgner momenta, the ratio o 
par* teles of momentum higher than 2.5 Bev/c to those below 2.5 
Bev/c Is the same within statistics a3 that at sea level 

(2) The momentum spectrum for momenta between 100 Mev/c 
and 2.5 Bev/c for the Ionizing co-ponent of the cosmic T 'adia- 
tlon has been found with the electronic component not removed 
In comparison with the spectrum in which the electronic com¬ 
ponent has been removed. It is found that the electron 
contribution extends to about one Bev/c. 

(3) Fairly large numbers of protons have been found. 

There are enough protons at the lower momenta to account for 
the increase in the positive excess from sea level to 3,4 
kilometers. At slightly higher momenta it has been computed 
that there are enough protons to completely account for the 
positive excess. 

(4) No evidence was r ound for a particle of mass 1000 
electron masses, indicating that, if present at 3.4 kilometers 
they are rare as compared with protons. 
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